Postpartum haemorrhage is a leading cause of maternal death worldwide. Oxytocin, currently the drug of choice for prevention of PPH, requires constant refrigeration.
middle-income (LMI) countries than in developed countries. 3 A significant number of these maternal deaths are caused by postpartum haemorrhage (PPH). 4 Effective prevention and treatment of PPH in LMI countries are therefore essential to achieve the new United Nations Sustainable Development Goal 3.1: to reduce the global maternal mortality ratio to less than 70 per 100,000 live births by 2030. 5 Oxytocin is currently the uterotonic drug of choice for prevention and treatment of PPH. 6 Oxytocin is widely available in LMI countries, but there are quality concerns. A recent systematic review of published studies on the quality of oxytocin concluded that there is a high prevalence of poor-quality oxytocin in LMI countries. 7 Studies have also demonstrated that oxytocin loses potency in field conditions, particularly in tropical climates. 8, 9 Depending on the manufacturer, oxytocin products must be continually refrigerated (2°C to 8°C) or, for a limited amount of time, stored at room temperature (25°C or lower)
to ensure stability. 10 This makes it difficult to distribute oxytocin, under required conditions, particularly in many LMI countries, where climates are hot and humid and cold-chain infrastructure is fragile.
It is highly desirable, therefore, to have an uterotonic that is stable in ICH climate zone IV (30°C and 75% relative humidity [RH] ), and at even higher temperatures for shorter periods of time, to account for possible exposure to extreme conditions during shipment or storage.
Carbetocin, an oxytocin analogue, has been used for the prevention of PPH following Caesarean section births since 1997. While carbetocin and oxytocin molecules are similar, there are several molecular differences that enhance the stability of carbetocin relative to oxytocin, making it possible to formulate carbetocin into a highly stable liquid product.
The principal aim of this study was to define an optimized heatstable carbetocin formulation and to investigate its stability, comparing levels of degradation to that of oxytocin under the same conditions.
Freeze-thaw and photo-stability studies were also conducted.
| MATERIALS AND METHODS

| Chemicals and reagents
Carbetocin and carbetocin impurities ( Three batches of the final formulation of heat-stable carbetocin in ampoules and vials were exposed to 30°C/75% RH for up to 3 years.
The content and impurities of carbetocin were analysed after 0, 3, 6, 9, 12, 18, 24, and 36 months.
| Accelerated stability study of heat-stable carbetocin formulation
Three batches of the final formulation of heat-stable carbetocin in ampoules and vials were exposed to 40°C/75% RH for up to 6 months.
The content and impurities of carbetocin were analysed after 0, 1, 3, and 6 months.
| Stability study at extreme heat conditions
Batches of heat-stable carbetocin in vials and ampoules and 1 batch of SYNTOCINON 10 IU/mL (oxytocin) were monitored for 3 months at 50°C and for 1 month at 60°C. The batches of carbetocin and oxytocin were analysed after 0, 1, 2, and 3 months at 50°C and after 0, 1, 2, 3, and 4.3 weeks of storage at 60°C. The remaining amount of carbetocin and oxytocin at each time-point was evaluated and compared with the same products stored in refrigerated conditions.
| HPLC method
The content and impurities of carbetocin and the content of oxytocin were determined by gradient reversed-phase LC using an Alliance The found pH optimum of carbetocin at ≈ pH 5.5 is significantly higher than the pH range in which oxytocin is normally formulated (pH limits for oxytocin in European Pharmacopoeia is pH 3.5-4.0). There are 3 structural differences between carbetocin and oxytocin, highlighted by dash line circles in Figure 3 : the N α of oxytocin is removed; sulphur atom on Cys 1 is replaced by a methylene group, and Tyr 2 is replaced by Tyr(Me).
These modifications reinforce the stability of carbetocin. The major degradation pathway of oxytocin at pH values ≥4 is initiated at the disulphide bond by beta-elimination and formation of N-terminal dehydroalanine, which is isomerized to enamine and hydrolyzed to pyruvoyl group. The latter triggers the dimerization by means of an aldol reaction. 11 This process requires 2 features: a disulphide and a N α group. Carbetocin lacks both features; hence, the pathway of dimerization is blocked. Thus, the upper pH restriction to avoid dimerization is not relevant for carbetocin and allows for a broader pH interval to be explored, compared with oxytocin. 11 The drawback of the low pH value required to reduce oxytocin dimerization is the increase of degradation by deamidation, which makes temperature control necessary.
The main degradation routes of carbetocin are found to be deamidation, oxidation, and racemisation. In analogy with oxytocin, deamidation of the amide side-chains of asparagine and glutamine and the amidated glycine C-terminus is favoured by low pH (acid-catalyzed hydrolysis), and to some extent by high pH (direct base hydrolysis). The thioether linkage is sensitive to oxidation, which is accelerated by increasing pH. The racemisation of the asparagine residue from the L to the D-form is an important degradation route at pH-values above ≈ 6. Consequently, in order to develop a heat stable formulation of carbetocin, it is essential to identify an antioxidant that block the oxidation pathway throughout the investigated pH-range and thereafter identify a solution pH where the sum of remaining degradation pathways is minimized.
| Long term stability study-heat-stable carbetocin
The long-term stability of the final heat-stable formulation in both vials and ampoules has been thoroughly studied in accordance with ICH guidelines at 30°C/75% RH for 36 months. The potency remained ≥95% at all time points, and the level of impurities did not exceed 2.5% (Figure 4 ).
| Accelerated stability study-heat-stable carbetocin
The accelerated stability of the final heat-stable formulation in both vials and ampoules has been studied in accordance with ICH guidelines at 40°C/75% RH for 6 months. The potency remained ≥95% at all time points, and the level of impurities did not exceed 1.5% ( Figure 5 ).
| Freeze-thaw stability study-heat-stable carbetocin
Freeze-thaw stability was examined by placing heat-stable carbetocin batch 12CAR2 in vials at −20°C, 25°C, and 40°C sequentially for 24 hours each. The cycle was repeated 3 times, and then the product was stored at 30°C/75% RH for 36 months. No difference in content of carbetocin and level of impurities were observed between these samples and the vials from the same batch not exposed to the freeze-thaw cycles (Table 3) .
| Photostability study-heat-stable carbetocin
Photostability was examined by irradiation of 1 batch of heat-stable carbetocin vials in its primary container according to ICH Q1B. The samples were then analysed and compared with a dark control. No difference in content of carbetocin was observed between these samples and the dark control ( Table 4 ). The observed level of sum of impurities of the irradiated samples were slightly increased compared with the dark control, but the overall level is negligible.
3.6 | Comparison of stability of oxytocin and carbetocin at extreme heat conditions The decrease of oxytocin potency during storage at 50°C and 60°C was evaluated by curve fitting ( Figure 6 ). The data indicated a nonlinear decrease of oxytocin over time, and a polynomial regression provided the best curve fit to the available data. By interpolation, the oxytocin potency was estimated to drop below 90% of initial value after approximately 17 days at 50°C and 4 days at 60°C. The carbetocin potency remained ≥95% of initial during the entire study at both 50°C and 60°C.
| Discussion of stability studies
The heat-stability data show that ≥95% potency of carbetocin was maintained for a minimum of 3 years at 30°C, 6 months at 40°C, 3 months at 50°C, and 1 month at 60°C. These results are in line with the findings of the initial formulation screening study, see Section 3.1.
In addition, this new heat-stable carbetocin formulation is not sensitive to freezing or light, in its primary container, making it a good uterotonic alternative in LMI countries where distribution and storage under controlled conditions can be difficult to achieve and/or maintain.
| CONCLUSION
The molecular properties of carbetocin, an oxytocin analogue, has allowed for the development of an unusually stable peptide formulation under ICH climate zone IV (30°C and 75% RH) conditions for at least 3 years and at extreme temperatures, such as 60°C, for shorter periods of time.
Prior attempts to develop a heat-stable oxytocin formulation for injection have been unsuccessful. [12] [13] [14] [15] Peptides in solution are generally prone to undergo degradation via, e.g., deamidation, dimerization, and oxidation, making refrigeration in some cases necessary.
Minor modifications of the oxytocin peptide structure such as those introduced into the carbetocin structure can substantially change the sensitivity to degradation and allow for the development of a heat-stable peptide liquid formulation. A uterotonic that can be stored at room temperature, in hot and humid environments, without compromising quality, and proven safe and effective, would be a significant breakthrough for maternal health in LMI countries. 
